Ultracapacitors are rapidly being adopted for a wide range of electrical energy storage applications. While ultracapacitors are able to deliver high rates of charge and discharge, they are limited in the amount of energy stored. The capacity of ultracapacitors is largely determined by the electrode material and as a result research to improve the performance of electrode materials has dramatically increased. While test methods for packaged ultracapacitors are well developed, it is often impractical for the materials scientist to assemble full sized, packaged cells to test electrode materials. Methodology to reliably measure a material's performance for use as an ultracapacitor electrode is not well standardized with various techniques yielding widely varying results. In this manuscript, we review and validate best practice test methods that accurately predict a material's performance, yet are flexible and quick enough to accommodate a wide range of material sample types and amounts.
Introduction
Ultracapacitors based on electrochemical double-layer capacitance (EDLC) are electrical energy storage devices that store and release energy by nanoscopic charge separation at the electrochemical interface between an electrode and an electrolyte. While the charge storage mechanism of EDLCs is based on the interfacial double-layer of high specific area carbons, another class of capacitors is based on pseudocapacitance, and thus associated with electrosorption and surface redox processes at high surface area electrode materials such as metal oxides and conducting polymers. Hybrid capacitors are the combination of a faradic battery-type electrode coupled with a capacitive electrode in a two-electrode module (termed an asymmetric capacitor).
2 While the energy density of ultracapacitors is very high compared to electrostatic and electrolytic capacitors, it is still significantly lower than batteries and fuel cells. Coupling ultracapacitors with batteries (or another power source) is still required for supplying energy for longer periods of time. Thus, there is a strong interest as enunciated, e.g., by the US Department of Energy, for increasing the energy density of ultracapacitors to be closer to the energy density of batteries.
3
The electrode material is a key component that determines an ultracapacitor's capacity and the most definitive test for a new electrode material is how it performs in a full scale, commercial ultracapacitor. However, it is not always practical to use a full sized, packaged cell, especially when dealing with minute quantities of material and/or a large number of different types of samples to be tested. The goal of this manuscript is to review experimental procedures that accurately evaluate a material's performance, yet are flexible and rapid enough to accommodate a large number of samples over a wide range of material types and quantities. In addition, test results should be repeatable and match those from other locations and research groups. At this time, the measurement methods for determining a material's performance are not well standardized and as a result it is difficult to assess the true performance reported in the literature, which in our opinion is hindering progress in this field.
Methodology for electrode material testing can be grouped into test fixture configuration and measurement procedures. Test fixture configuration includes the test fixture type along with guidelines for electrode mass and thickness, and other cell components including the electrolyte, separator, current collectors, and binder. Measurement procedures include electrochemical measurements and parameters along with the computations to reduce the data to the desired metrics.
Test fixture configuration
A typical ultracapacitor unit cell is comprised of two electrodes that are isolated from electrical contact by a porous separator.
1
Electrodes often contain conductive, low surface area additives such as carbon black to improve electrical conductivity. Current collectors of metal foil or carbon filled polymers are used to conduct electrical current from each electrode. The separator and the electrodes are impregnated with an electrolyte, which allows ionic current to flow between the electrodes while preventing electronic current from discharging the cell. A packaged ultracapacitor module, depending upon the desired size and voltage, is constructed of multiple repeating unit cells.
A test fixture configuration that closely mimics the unit cell configuration will more closely match the performance of a packaged cell. Two-electrode test fixtures are either available commercially or can be easily fabricated from two stainless steel plates as shown in Fig. 1 .
4 Three-electrode electrochemical cells are commonly used in electrochemical research and consist of a working electrode, a reference electrode, and a counter electrode. Three-electrode cells differ from two-electrode test and packaged cells in several important aspects. With the three-electrode configuration, only one electrode, called the working electrode, contains the material being analyzed and the applied voltage and charge transfer across the single electrode are markedly different than with a two-electrode cell configuration. For a three-electrode cell, the voltage potential applied to the working electrode is that shown on the X-axis of the cyclic voltammogram (CV) chart (and on the Y-axis of the constant current diagram) and is with respect to the particular reference electrode used. In a symmetrical two-electrode cell, the potential differences applied to each electrode are equal to each other and are one-half of the values shown on the X-axis of the CV chart. Therefore, for a given potential range on the X-axis of the CV, the working electrode of a three-electrode cell has twice the potential range applied as is applied to the electrodes in a twoelectrode cell and this results in a doubling of the calculated capacitance. There are other differences as well. The potential across the other electrode (counter electrode) in a three-electrode cell is not controlled or measured, and is an order of magnitude or more lower (in the typical case that the counter electrode is larger than the reference electrode) or can be approximately equal (in the case that the working and counter electrodes are of the same size and material.) The point of zero charge location (PZC) on the CV also varies for each reference electrode/electrolyte/material combination and unless the location is experimentally determined and used as the minimum voltage during a CV scan, the working electrode can actually reverse polarizations during cell operation. Khomenko et al. reported the dependence of measured capacitance values on test cell configuration. 5 Composite electrodes comprised of multiwalled carbon nanotubes (MWCNTs) and two conducting polymers, polyaniline (PANI) and polypyrrole (PPy), were measured using both two-electrode and three-electrode cell configurations. Fig. 2 shows the CVs for three-and two-electrode configurations using such PANI/MWNT electrodes. In the case of three-electrode cell measurements, values of 250 to 1100 F g À1 were measured. For the same materials in a two-electrode cell, values of 190 to 360 F g À1 were measured. The mass of the active material and thickness of the electrodes also influence the measured results. Depending upon whether an ultracapacitor is constructed to optimize energy density or power density, commercial cell electrode thicknesses range from about 10 mm thick (high power density) to several hundred microns thick (high energy density). Test electrodes should be of comparable thicknesses and ones that are extremely thin and/or contain very minute amounts of material can lead to an overstatement of a material's performance. Signal to noise is also a concern. The capacitance of the active material in the electrodes should be significantly higher than that contributed by other cell components such as the electrode support surface, collector, and other conducting surfaces within the test fixture. In addition, mass measurement errors can be significant when handling and weighing microgram sized electrodes. For reliable measurements, a test cell should have a capacitance of 0.25 or more farads with the mass of the active material on the order of 10 or more milligrams. Hu et al. demonstrated the dependence of mass and thickness on measured results.
6 Fig. 3 , from the supporting information of the referenced manuscript, shows specific capacitances for four different mass loadings for electrodes constructed of single-walled carbon nanotube (SWCNT) paper and measured in a two-electrode test cell. 6 The graph shows that, with aqueous electrolyte, as the mass loading was increased from 72 mg cm À2 to 1.33 mg cm À2 , the specific capacitance at a reported current density of about 2 A g À1 decreased from about 200 to 85 F g À1 respectively. For the same electrolyte and mass loading increase, the specific capacitance at a current density of 5 A g À1 decreased from about 175 to 75 F g
À1
. The reported electrode thickness for the 1.33 mg cm À2 mass loading was 14 mm. 6 The electrodes with a mass loading of 72 mg cm À2 thus have a thickness of about 0.75 micron, an order of magnitude thinner than commercial ultracapacitor electrodes. It is important to use appropriate electrode thicknesses and masses for any meaning to be attached to reported values of specific capacitance and energy density.
The most common organic electrolytes are tetraethylammonium tetrafluoroborate (TEABF 4 ) in either propylene carbonate (PC) or acetonitrile (AN). Common aqueous electrolytes include 5M KOH and H 2 SO 4 . Since energy stored is related to the square of voltage, organic electrolytes are currently used in commercial ultracapacitors due to their wider electrochemical window (about 2.7 volts) as compared to about 1 volt for aqueous electrolytes. Ionic liquid electrolytes are also being adopted due to their increased electrochemical windows and improved thermal stability. A material's performance with an aqueous electrolyte will typically yield higher specific capacitances and does not indicate its performance with an organic or IL electrolyte. Fig. 3 shows SWCNT paper electrodes of equal mass measured with aqueous (paper : H 2 SO 4 , 1 V : 72 mg cm À2 ) and organic (paper : organic, 3 V : 72 mg cm À2 ) electrolytes. 6 The values for aqueous electrolytes are consistently 40-50% higher than with the organic electrolyte over a wide range of current densities. The presence of faradic charge storage or pseuodocapacitance specific to acidic mediums can also inflate the measured capacitance relative to organic electrolytes. The performance disparity for different electrolytes also depends upon material type and morphology. Table 2 shows specific capacitances for electrodes composed of chemically modified graphene material. 4 For this material, the specific capacitance differences due to the electrolyte have in our work ranged from about 20 to 25 percent higher for the aqueous electrolyte. Other cell components such as binders, current collectors, and separators also have an effect upon cell performance. However, when from a commercial source, their impact upon measured values is relatively small.
Measurement procedures
Charging rates, voltage ranges, and methods for calculation of metrics also affect the reported results and should closely match currently established and accepted procedures used for packaged cells. The primary performance metrics for packaged ultracapacitors include gravimetric energy and power densities, and life cycle testing. [7] [8] [9] [10] In turn, an ultracapacitor's energy density (W h kg À1 ) is primarily determined by the cell's electrode material and electrochemical voltage window. With energy density currently the primary limitation for ultracapacitors, the most ). An ultracapacitor's power scales with the square of voltage divided by its equivalent series resistance (ESR). 11 The measured ESR of a test cell, as well as that of a full scale packaged capacitor, is due to all cell components (leads, current collectors, electrodes, electrolyte, and separator) and therefore only a portion of the measured resistance can be attributed to the electrode material itself. Other metrics, such as an electrode material's energy and power density, also do not correlate directly to those of a packaged cell and must include information such as package dimensions and the mass of the other cell components to be meaningful.
Specific capacitance is the capacitance per unit mass for one electrode (eqn (1))
where C is the measured capacitance for the two-electrode cell and m is the total mass of the active material in both electrodes. The multiplier of 4 adjusts the capacitance of the cell and the combined mass of two electrodes to the capacitance and mass of a single electrode. If volume is more important for the targeted application, the electrode material's volume may be substituted for mass. Cell capacitance is best determined from galvanostatic or constant current (CC) discharge curves using eqn (2) with I the discharge current and
dV/dt calculated from the slope of the CC discharge curve. Galvanostatic discharge is the accepted measurement method for determining capacitance for packaged ultracapacitors in the ultracapacitor industry and correlates more closely to how a load is typically applied to an ultracapacitor in the majority of applications. The same voltage range should be used for testing should match that used for commercial cells and should reflect the electrolyte's electrochemical window-from 0 V to approximately 1 V for aqueous electrolytes and from 0 V to 2.5-2.7 V for organic electrolytes. Maximum voltages for hybrid cells will depend upon electrode materials and electrolytes. The initial portion of a discharge curve exhibits an IR drop due to internal resistance and the rest of the curve will typically be linear for non-faradic materials. Pseudocapacitive and hybrid systems can exhibit large deviations in linearity based upon varying capacitance with voltage. Fig. 4 shows CC charge-discharge curves (100 mA g
À1
) of an asymmetric manganese oxide/activated carbon ultracapacitor in 2 mol L À1 KNO 3 electrolyte cycled at different maximum cell voltages.
12 When the maximum voltage is at 2.2 V, the CC curve is no longer symmetric indicating noncapacitive behavior. Fig. 5 shows, for the same cell, the coulombic efficiency and specific capacitance (F g À1 ) vs. maximum voltage.
12 While the specific capacitance continues to increase with increasing voltage range, the coulombic efficiency decreases dramatically when cycled above 2 V. Driving a cell above its true maximum operating voltage can lead to an overestimation of specific capacitance and cells operated at these levels will have shortened lifetimes and poor efficiencies due to the non-reversible reactions within the cell. Significant errors can also be introduced by the method used to calculate the slope (dV/dt). As stated previously, capacitance varies with voltage, especially for hybrid and pseudocapacitive cells, and it is important to calculate capacitance using the typical operating voltage range for the application that the device will be used. Most ultracapacitors will be operated in the range of V max to approximately ½V max and the recommended method is to use two data points from the discharge curve with dV/dt ¼ (V max À ½V max )/(T 2 À T 1 ). Including the lower half of the voltage range in the calculations can distort the apparent capacitance above that which is practically realizable for an actual application.
Very low rates of discharge also lead to large errors, especially when coupled with small electrode masses, with the current from cell leakage, capacitance from other cell components, and faradic reactions contributing an increasing percentage of the signal as discharge rate and electrode mass are decreased. Charge and discharge rates should be specified in units of current per electrode mass with the duration of charge and discharge corresponding to typical ultracapacitor applications. Current should be adjusted to provide charge and discharge times of approximately 5 to 60 seconds. 11 For example, a test cell with two 10 mg electrodes composed of 100 F g À1 specific capacitance material will have a capacitance of 0.5 F. With a discharge current of 40 mA, corresponding to a discharge density of 4 A g À1 , discharge time from 2.7 to 0 volts will be approximately 34 seconds. Fig. 3 shows the dependence of specific capacitance on the rate of discharge and electrode mass loading. 6 For the electrode labeled ''paper : H 2 SO 4 , 1.33 mg cm À2 '' with reported electrode thickness of 14 mm, 6 the measured specific capacitance varies significantly (from over 120 F g À1 to about 85 F g
) for discharge rates of less than 2 A g À1 . This effect is most pronounced with the thicker electrode highlighting the importance of using electrode thicknesses that match packaged cells.
While the use of CC data is recommended, CVs may be used to calculate capacitance. Using eqn (2) and CV data, I is the average current during discharge (from V max to zero volts) and dV/dt is the scan rate. As with CC curves, capacitance depends on scan rate, voltage range, and computation method. The cell should be cycled for 20 or more cycles prior to recording the data and should only be cycled from 0 volts to the maximum voltage. Fig. 6 shows two CVs, one cycled from 0 V to 1 V (top) and the second is the same cell cycled from À1 V to 1 V (bottom). The first (blue) and the 20 th (red) cycles are shown on each CV. When a cell is first cycled or when it is cycled from a negative to positive voltage, there are increased current levels due to reversing the polarity of the cell. This demonstrates the importance of determining the point of zero charge when using a three-electrode cell and ensuring electrode polarization is not reversed during testing. Table 3 shows the results of various calculation methods for different ranges of I from the two CV curves with over a 300 percent difference in values of specific capacitance. As with CC curves, the discharge rate should reflect that of a typical ultracapacitor application. Voltage scan rates of at least 20 to 40 mV s À1 are needed to maintain discharge times on the order of a minute and adequately reflect a material's performance.
Secondary material performance metrics
A packaged cell's specific power and cycle life depend upon all components within the cell as well as the cell architecture. The main indicator for the power capability for a packaged cell is based upon its direct current resistance or ESR. Methods for determining cell resistance include measuring the IR drop at the initiation of a constant current discharge, measuring the bounce back of voltage at the end of a constant current discharge, or using AC impedance spectroscopy. For packaged cells, ESR is typically determined from the CC tests using the IR drop at the beginning of the discharge curve and the same method is recommended for test cells. The ESR is the value calculated from the change in voltage (IR drop) divided by the total change in current applied. Typically the initial current is set close to zero to stabilize the voltage prior to initiating discharge. In the case that the current is switched directly from full charge to full discharge, the resulting voltage drop should be divided by twice the current applied. The reader is referred to Burke 11 and Zhao et al. 10 for a detailed description. ESR is inversely proportional to cell size and if reporting ESR, the capacitance of the test cell should also be reported. Cell life also depends upon all cell components and a simple constant power or constant current cycle is adequate for an initial gauge of a material's stability. One should note that since degradation of a material-electrolyte system occurs primarily at higher voltage, any life cycle testing should include the maximum rated voltage in each cycle. Again the reader is referred to Burke 11 for more detailed methods of testing packaged cells.
Validation of test methods
To validate the best practice test method recommendations, a commercial packaged cell was first measured, then disassembled into individual components for testing in two and three-electrode test cells. The commercial cell (Cooper Bussmann PowerStor B Series) consisted of a cylindrical, can type package with two spirally wound electrodes connected to radial lead terminals, and had a nominal capacitance of 1 farad with an operating voltage rating of 2.5 volts. Electrodes consisted of carbon coated onto one side of the current collectors. Each electrode measured approximately 11.4 cm long, 0.5 cm wide and 0.012 cm thick. When assembled in the metal can, the electrodes were isolated electrically from each other and the package by separators about 0.8 cm wide and 57 mm thick. Organic electrolyte, TEA/BF 4 in PC (the packaged cell electrolyte was also based on PC), was used in all test cells. For two-electrode cell testing, a 2.5 cm length was cut from each electrode and assembled with each of two different separator materials, the first consisting of a short length of separator material taken from the package, the second was from a commercial manufacturer (Celgard 3501). The text fixture used for two-electrode cell testing is shown in Fig. 1 . Three-electrode tests were performed in a beaker type cell using a 1.4 cm length of the carbon electrode for the working electrode and Pt wire and Pt mesh for the reference and counter electrodes, respectively. Volumetric specific capacitance (F cm À3 ) is reported instead of gravimetric since accurately determining the mass of the active material in the electrodes required removing the electrolyte from the carbon. The mass of the carbon was, however, estimated to ensure that current levels used for constant current charge/discharge tests are in line with those recommended. To eliminate effects of thickness variation along the length of the electrodes and ensure accurate comparison between cells, electrodes for all cells were weighed and mass ratios were used to verify the relative amounts of carbon for each cell as compared to the package cell. A voltage range of 0 to 2.5 volts was used for testing the packaged ultracapacitor and the two-electrode test cells. The three-electrode cell was cycled both from À1.25 to 1.25 and from 0 to 1.25 V with reference to Pt. Specific capacitance calculations for the threeelectrode cell were taken from the CV and CC curves cycled from 0 to 1.25 volts. Table 4 shows results for each cell configuration. Specific capacitance values calculated from galvanostatic discharge (CC curves) from both two-electrode test cells are within 5% of the packaged cell values for each current level. The three-electrode cell measurements, however, yield up to double the values of the packaged cell at lower current levels, but gave lower values at higher currents. Values based on CV curves show the same trend with two-electrode cell values closely matching those of the packaged ultracapacitor with three-electrode cell values again diverging from the other cells. The two-electrode cell based on the Celgard separator gives slightly higher values than either the packaged cell or the two-electrode cell with the separator material taken from the package. This may be attributed to the thickness difference between the two separator materials; the Celgard material at 25 mm in thickness is less than half that of the material used in the packaged device. A major contribution to internal resistance of a cell is conductivity of the electrolyte and so internal resistance of an ultracapacitor is very sensitive to electrode spacing. The three-electrode cell has an even larger spacing between electrodes (on the order of mm) and the corresponding high ESR likely explains the dramatic decrease in This journal is ª The Royal Society of Chemistry 2010 Energy Environ. Sci., 2010, 3, 1294-1301 | 1299 measured values as current loadings (or scan rates) are increased. Fig. 7 shows CV curves for the three-electrode cell scanned over two potential ranges (top) and two-electrode and packaged cell (bottom). All CVs shown were scanned at 10 mV s À1 . The twoelectrode test cell closely matches the packaged ultracapacitor while the three-electrode configuration yields values approximately twice that of the other cells. For three-electrode cell measurements to approximate those of the packaged cell, equation 1 should be modified to C sp ¼ C/m where m is the mass of the active material in the working electrode. As stated previously, the voltage scan range for a three-electrode configuration should be adjusted to approximately half that of the packaged cell and should not pass through the PZC.
The internal resistance (ESR) was calculated for each cell configuration using the IR drop from the CC curves. The values were 3.1, 4.6, 6.2, and 79.4 ohms for the packaged cell, twoelectrode test cell with Celgard separator, two-electrode cell with separator from the package, and three-electrode cell, respectively. Nyquist plots also give an indication of internal resistance. Fig. 8 shows Nyquist plots for the packaged cell (left), two-electrode test cell with Celgard separator (middle) and twoelectrode cell with separator from the package (right). Since the X-axis of the Nyquist plot is the real component of impedance (ohms), a higher series resistance results in a shift to the right. Extrapolating the curve on the Nyquist plot to intersect the X-axis typically yields values that correspond reasonably well to the calculated ESR values from the CC curves. ESR is inversely based on cell size as well as other factors such as electrode spacing, electrolyte, package type, etc. The capacitance of the packaged cell was approximately 4 times that of the two-electrode cell yet the ESR was only half. Impedance analysis using two-electrode test cells is useful for comparing materials and cell components (it does show lower resistance for the thinner separator material); however, other techniques should be used to predict the ESR (and power) for a packaged cell. It should be noted that while a three-electrode cell configuration with closely spaced electrodes can have ESR values on the order of the other cells, this configuration will still yield capacitance values approximately double the other cells due to the doubled voltage applied to the working electrode.
Summary of recommendations
While a three-electrode cell is valuable for determining electrochemical-specific material characteristics, a two-electrode test cell mimics the physical configuration, internal voltages and charge transfer that occurs in a packaged ultracapacitor and thus provides the best indication of an electrode material's performance. For good signal to noise and to minimize measurement errors, the test cell should have a capacity of over 0.25 farad with the mass of the active material on the order of 10 or more mg. Electrode thicknesses should be on the order of packaged commercial cells (at least 15 mm thick) and should be tested with the same electrolytes that would be used in an actual capacitor. Charge and discharge rates (on the order of 2 A g À1 and 20 mV s
À1
) and operating voltages (at least 2.5 V for organic electrolytes) should match that of typical ultracapacitor applications. Calculations for capacitance and ESR should match those currently recommended for commercial ultracapacitors.
At the packaged cell level, energy density (W h kg
) and power density (W kg
) are the key parameters. These parameters are not appropriate for material level performance reporting since they depend upon package specific parameters such as the mass of the dead components and cell architecture. Thus, any reporting of energy and power densities should be done in the context of a full sized, packaged ultracapacitor and calculations should include the mass of all components including the package. As electrode thickness and spacing affect measured performance, ESR measurements should only be performed using test electrodes with the same thicknesses and spacing of commercial cells. Test cells do not accurately predict the ESR of a packaged cell and as a result, power capability cannot be accurately estimated using test cell measurements. Lifetime testing should be performed using a cycle that includes the maximum rated voltage.
Conclusion
Measurement methods for determining a material's performance for use as an ultracapacitor electrode are not well standardized with various techniques currently being employed leading to wide variations in reported results. The various experimental procedures were reviewed and best practice methods were recommended that effectively simulate a packaged, commercial cell, yet are flexible and rapid enough to accommodate a large number of samples with a wide range of material types and quantities. We believe adoption of these measurement practices will enable the more accurate determination and reporting of an electrode material's performance.
